Two strains of porcine reproductive and respiratory syndrome virus (PRRSV) were isolated in 2006 and 2016 and designated as FZ06A and FZ16A, respectively. Inoculation experiments showed that FZ06A caused 100% morbidity and 60% mortality, while FZ16A caused 100% morbidity without death. By using genomic sequence and phylogenetic analyses, close relationships between a Chinese highly pathogenic PRRSV strain and the FZ06A and FZ16A strains were observed. Based on the achieved results, multiple genomic variations in Nsp2, a unique N-glycosylation site (N 33 →K 33 ), and a K151 amino acid (AA) substitution for virulence in the GP5 of FZ16A were detected; except the 30 AA deletion in the Nsp2-coding region. Inoculation experiments were conducted and weaker virulence of FZ16A than FZ06A was observed. Based on our results, a 30 AA deletion in the Nsp2-coding region is an unreliable genomic indicator of a high virulence PRRSV strain. The Nsp2 and GP5 differences, in addition to the virulence difference between these two highly pathogenic PRRSV strains, have the potential to be used to establish a basis for further study of PRRSV virulence determinants and to provide data useful in the development of vaccines against this economically devastating disease.
Introduction
Porcine reproductive and respiratory syndrome virus (PRRSV) belongs to the Arteriviridae family and the genus Nidovirales, which includes viruses with epidemiological relevance such as lactate dehydrogenase-elevating virus of mice, equine arteritis virus, and simian hemorrhagic fever virus [7, 30] . PRRSV was first reported in 1987 in North America [6, 16] , and later in Netherlands and other parts of the world [28] . PRRSV has strong pathogenicity with a high transmissible effect. The virus causes morbidity and mortality rates in the range of 50% to 100% and 20% to 100%, respectively [33] . PRRS has resulted in huge economic losses in the livestock industry worldwide. In 2006, highly pathogenic PRRSV (HP-PRRSV) was first identified in China, where it affected vaccinated pigs (in all ages) by producing a high fever and resulted in a high mortality rate. Afterward, it rapidly spread to neighboring countries, in which their swine industries experienced widespread losses [2, 26] .
The genome of PRRSV is a single-stranded, positive-sense RNA of approximately 15 kb length that contains a 5´-capped structure and a 3´-polyadenylated tail. At least nine open reading frames (ORF1a, ORF1b, ORF2, ORF3, ORF4, ORF5a, ORF5, ORF6, and ORF7) that are flanked by 5´ and 3´ untranslated regions (UTR) have been identified [12, 17, 23] . ORF1a and ORF1b encode non-structural proteins (NSPs). ORFs 2 to 7 encode PRRSV structural proteins, including small envelope (E), GP2, GP3, GP4, GP5a, GP5, matrix (M), and nucleocapsid (N) proteins [15] . Based on their genetic diversity, PRRSVs are classified into two genotypes: genotype I (European type) and genotype II (North American type). These two genotypes share only about 55% to 70% nucleotide identity and 50% to 80% amino acid (AA) sequences [4] . Within each genotype, the PRRSV presents extensive genetic variations that reflect the diversity of the strains [13, 24] . Moreover, the Nsp2 and ORF5 regions of the PRRSV genome display substantial genetic variation. These regions have been used as markers for genetic variability because they are the most variable regions [9, 11] . In recent years, continuing evolution of PRRSV has resulted in the emergence of novel strains with different levels of pathogenicity and virulence [18, [36] [37] [38] [39] [40] . That persistent variation and evolution of PRRSV is an intractable issue in the effective control of PRRS.
In this study, we sequenced two PRRSV strains isolated in 2006 and 2016 and designated them as FZ06A and FZ16A, respectively. Clinical signs, pathological changes, and humoral immune responses of the isolated strains were analyzed to evaluate the difference between the two HP-PRRSV strains and to provide an improved description of the persistent variation and evolution of PRRSV. The aim of this research was to contribute to the development of a constructive and effective database that would be useful in the development of medical vaccines against this economically devastating disease.
Materials and Methods

Ethical approval
All animals used in this research were treated with care and with the approval of the Animal Care and Use Committee of the Chinese Academy of Agricultural Sciences, China (IACUC No. PJ2011-012-03).
Clinical samples
In 2006 and 2016, two strains of PRRSV (FZ06A and FZ16A, respectively) were isolated from pigs having high fever, labored breathing, lethargy, and anorexia in Fujian province, South China. In 2006, a pig farm had an outbreak of PRRSV from which a high death rate was observed. Likewise, in 2016, the same pig farm had a high morbidity related to PRRSV but there was no large-scale mortality. Isolated strains of the PRRSVs, as clinical samples, were immersed in sterile phosphate-buffered saline with antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin) and the suspension was centrifuged at 10,000 × g for 10 min to extract RNA and isolate the virus. The remaining samples were filtered and kept at −80 o C until needed.
Virus isolation
Marc-145 cells were used for virus isolation. The virus sample was filtered (through 0.22 m filter) and then inoculated to Marc-145 cells. After adsorption for 1 h at 37 o C, the supernatant was removed and Dulbecco's modified Eagle's medium (Gibco, USA) with 2% fetal bovine serum (Gibco) was added. Then, the cells were incubated at 37 o C with 5% CO 2 and monitored daily for cytopathic effects (CPEs). When CPEs appeared in 80% of the cells, the culture supernatants were harvested and stored at −80 o C until needed.
RNA extraction and RT-PCR
Viral RNA was extracted by using AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen Biosciences, USA) from the original tissue homogenates and cell culture supernatants, and reverse transcription polymerase chain reaction (RT-PCR) was carried out with a PrimeScript one-step RT-PCR Kit (Takara, China) according to the manufacturer's instructions. Fourteen pairs of specific primers (Table 1) were designed for the amplification and were based on the complete genomic sequences of PRRSV in the GenBank database (National Center for Biotechnology Information, USA). Fourteen overlapped fragments that covered the entire viral genome were amplified by RT-PCR. The PCR conditions involved an initial denaturation step at 94 
Electron microscopy
The presence and morphology of the purified virus were evaluated by transmission electron microscopy (TEM) of negatively stained preparations. Briefly, carbon-coated grids were set on a 20 L sample drop for 10 min and then washed with deionized water. The washed grids were then negatively stained with 1% uranyl acetate at pH 4.5. After removal of the excess stain by using filter paper, the grids were observed under a TEM [22] .
Sequence alignments and phylogenetic analyses
The amplified PCR products were purified by using an E.Z.N.A. gel extraction kit (OMEGA; Bio-Tek, USA). The PCR amplicons were then cloned into a pEAZY-blunt-zero vector according to the manufacturer's instructions (TransGen, China) and sequenced. The full-length genomes of the new isolates were assembled according to the sequencing data by using Lasergene 7.2 software (DNASTAR, USA). By utilizing MEGA software (ver. 5.1) [31] , the assembled genomes were aligned with reference PRRSV strains in the GenBank database ( Table 2 ). The sequences of the complete genome, as well as those of Nsp2 and ORF5, were compared with other PRRSV isolates. Phylogenetic trees were constructed with MEGA software (ver. 5.1) by using the neighbor-joining method. Bootstrap values were calculated on 1,000 replicates of the alignment.
Amino acid analysis
By using the BioEdit sequence alignment editor software (ver. 7.2.5; Ibis Therapeutics, USA), the nucleotide sequences obtained after completion of genomic sequencing analysis were translated into the predicted AA sequences. For the comparative analysis, representative sequences of PRRSV were also selected from GenBank (GenBank accession numbers: AY150564, AY032626, AY150312, EF075945, EF635006, EF112445, JX087437, EU144079, EU860248, EU187484, and AF331831).
Animals and experimental design
Fifteen 9-week-old, specific-pathogen-free (SPF) pigs, which were negative for antibodies of porcine circovirus type 2 (PCV2) and PRRSV, were randomly divided into three groups (five pigs per group): two challenge groups (groups 1 and 2) and a control group (group 3). The third virus passage (P3) from Marc-145 cells was used in these experiments. The selected pigs in groups 1 and 2 were inoculated intranasally (i.n.) with 2 mL inocula that contained 10 5 50% tissue culture infective doses (TCID 50 ) of the PRRSV strains FZ06A and FZ16A. The group 3 animals were inoculated i.n. with 2 mL of Marc-145 cell culture supernatant.
Clinical observation
After infection of the pigs, clinical signs, including depression, appetite, diarrhea, skin discoloration, coughing, labored and abdominal breathing, and respiratory rate of the animals were monitored twice a day. Rectal temperatures were recorded every day throughout the experiment until completion at 21 days post-inoculation (dpi).
Detection of viral loads
Blood samples were collected at 1, 3, 7, 10, 14, and 21 dpi followed by culturing at 37 o C for 1 h. Subsequently, the blood was centrifuged at 3,500 × g for 5 min and the serum was frozen at −80 determined by an indirect fluorescent antibody (IFA) technique with anti-N protein monoclonal antibody against PRRSV N protein and FITC-labeled goat-anti-mouse IgG (ZSGB-BIO, China). Viral titers were calculated as TCID 50 per mL by using the Reed-Muench method.
Measurement of PRRSV-specific antibody
Serum was collected at 1, 3, 7, 10, 14, and 21 dpi, and presence of PRRSV-specific antibodies was measured by using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (IDEXX Laboratories, USA), according to the manufacturer's instructions. The positive and negative cut-offs of the IDEXX ELISA were set at a sample-to-positive (S/P) ratio of 0.4.
Detection of viruses in tissue samples
At 21 dpi, all infected and control animals were euthanized and tissue samples of lung, spleen, kidney, liver, and lymph nodes were collected for detection of virus by means of RT-PCR assays. A similar analysis method (RT-PCR) was used to determine the presence of pseudorabies virus (PRV), PCV, and classical swine virus (CSFV) in all tissue samples.
Gross pathology and histological evaluations of lungs
At necropsy, lungs of the investigated animals were fixed in 10% neutral buffered formalin and then analyzed for macroscopic (gross) pathologies. In addition, some of the lungs tissues collected were processed for histopathological examination followed by H&E staining, as described previously [14] .
Statistical analyses
GraphPad Prism 5 software (GraphPad, USA) was used for analysis of the variability among the groups, and data were expressed as mean ± SD values. By using one-way ANOVA and Tukey's t-tests, the results were statistically evaluated. Differences were considered statistically significant when p ＜ 0.05.
Results
Genomic characteristics of the FZ06A and FZ16A isolate strain
The two isolated viruses were tested as PRRSV positive by RT-PCR assays. After three passages on Marc-145 cells, a distinct CPE was observed (Fig. 1) . These isolates were designated as FZ06A and FZ16A. Electron microscopy of negatively stained samples revealed the presence of a viral structure with a diameter of 60 to 70 nm in isolated viruses ( Supplementary Fig. 1 ). (Table 3) . By comparing the Nsp2 AA sequences of other type 2 PRRSV strains, we found 65.3% to 98% and 65.3% to 92% identities between FZ06A/type 2 PRRSV and FZ16A/type 2 PRRSV, respectively (Table 3 ). In addition, when compared to other PRRSV strains, the AA mutations in position 307, 361, 373, 482, 486, 514, 677, 712 and 771 were found in Nsp2 of the FZ16A, whereas there was no mutation in Nsp2 of the FZ06A strain.
Analysis of full-length genomic sequence
The AA substitutions R13 and R151 associated with high virulence ability were identified in the predicted GP5 protein of FZ06A strain. The FZ16A strain also shared the AA substitution R13, but it also had a K151 AA substitution. Changes in the AA sequence of potential N-glycosylation sites (NGSs) in GP5 significantly influenced the susceptibility of mutant viruses to virus-neutralizing antibodies. To gain further insight into the genetic evolution of FZ06A and FZ16A, we also analyzed variation of GP5 in potential NGSs by using NetOGlyc1.0 Server. The potential NGSs were detected at six different positions: N30, N33, N34, N35, N44, and N51. The GP5 of the FZ16A strain shared five common NGSs at AA positions 30, 34, 35, 44, and 51; however, the deletion of one NGS at position 33 was detected in any other PRRSV strains. The FZ06A strain shared six common NGSs (Table 4) .
Phylogenetic analysis
In order to determine the phylogenetic relationship between FZ06A and FZ16A strains and other characterized PRRSV isolates, phylogenetic trees were constructed based on the nucleotide sequences of the complete genome, Nsp2, and ORF5 of the FZ06A and FZ16A strains by using MEGA software (ver. 5.1) (Fig. 2) . Phylogenetic analysis demonstrated that all PRRSV isolates could be divided into two types. Moreover, the type II isolates could be further divided into four main groups. Group 1 contained four North American strains (VR-2332, RespPRRS MLV, and BJ-4) and group 2 contained some recombination strains (e.g., HNyz15, HENAN-HEB, and CHsx1401). Likewise, group 3 contained several classical Chinese strains (CH-1a and Ch-1R) and group 4 contained some Chinese HP-PRRSV strains (e.g., JXA1, JX143, and SY0608). The phylogenetic trees showed that the FZ16A strain was similar to the Chinese e JX143 strain and the FZ06A strain was similar to the SY0608 strain, which belonged to the group 4.
Observation of clinical signs post infection
The rectal temperature and clinical signs of infected animals were recorded daily throughout the experiment, and there were no typical clinical signs in animals from the negative-control group and no remarkable clinical symptoms detected in the inoculated animals until 2 dpi. From 3 dpi onward, almost all inoculated animals presented with depression, low appetite, coughing, sneezing, and diarrhea. The rectal temperature of FZ16A-challenged animals was mildly elevated to 40 o C at 4 or 5 dpi and this persisted for 2 to 5 days; however, rectal temperature did not exceed 40.5 o C throughout the observation period. In comparison with the FZ16A-challenged group, the rectal temperature of FZ06A-challenged animals also had a high temperature. After 4 days, the rectal temperature elevated to 40 o C and persisted at that level for 11 to 12 days, and, in some challenged animals, the temperature exceeded 41 o C. The rectal temperature in the FZ06A group was significantly higher than that of the FZ16A and control groups (Fig. 3) .
Viral loads in the serum samples
The viral loads in the sera of infected pigs were measured by using an IFA-microtitration infectivity assay. The sera from the FZ06A-infected group showed increased viral titers at 4 dpi, which peaked at 11 dpi. The FZ16A-infected group also showed increased viral titers, and increased viral titers were present for a longer period in the FZ16A-infected than in the FZ06A-infected group (data not shown).
Antibody detection post infection
Sera were collected at 1, 3, 7, 10, 14, and 21 dpi to monitor PRRSV-specific antibodies. The effect of antibodies against PRRSV was analyzed using a commercially available IDEXX ELISA. All inoculated pigs became seropositive (S/P ratio ＞ 0.4) at 7 dpi. The S/P ratio then gradually increased until the end of the examination; no PRRSV-specific antibodies were detected in the control animals (Fig. 4) .
Virus detection in tissue samples
Virus detection in tissue samples collected from negative controls was negative for the presence of PRRSV, whereas viruses were detected in all evaluated organs of inoculated pigs. All tissue samples from the control and inoculated animals were found to be negative for the presence of PRV, PCV, or CSFV.
Gross pathology and histological evaluations of lungs
All pigs were euthanized and anatomized at 21 dpi. No macroscopic (gross) lesions were observed in the lungs collected from the control animals at necropsy (panel A in Fig. 5) . Animals from the FZ06A-infected group exhibited severe multifocal lesions and consolidation in the lungs (panel B in Fig. 5 ), whereas the FZ16A-infected group only exhibited mild multifocal lesions in the lungs (panel C in Fig. 5) .
Under histological examination, none of the lungs from control pigs exhibited any features indicative of acute PRRSV infection (panel A in Fig. 6 ). However, the lung tissues collected from FZ06A-infected and FZ16A-infected animals displayed interstitial pneumonia with alveolar septal thickening and alveoli disappearance (panels B and C in Fig. 6 ).
Discussion
PRRS is one of the highly-ranked serious swine diseases and affects industries related to pigs around the world. In China, PRRS was first reported in 1996. In June 2006, there was an unparalleled outbreak of HP-PRRSV in China. Since then, PRRSV has become widespread and today various types of PRRS have been isolated, and the number of strains is growing rapidly [32] . Traditional control strategies and conventional vaccines have been unable to provide sustainable disease control; therefore, commercial vaccines specifically against the PRRS have been developed. Because of the considerable genetic and antigenic diversities in HP-PRRSV isolates, surveillance and identification of the recently emerged new virus strains have become crucial [29] .
In the current study, two PRRSV strains were isolated from a pig farm in Fujian, China, one isolated in 2006 and the other in 2016. The complete nucleotide sequences of the FZ06A and FZ16A strains were determined and then compared with other representative PRRSV strains that had been isolated in China and other countries. Based on genome analysis, the FZ06A and FZ16A strains had a discontinuous deletion of 30 AA (1 AA and 29 AA) in Nsp2, which is suggested to be a marker of a HP-PRRSV [32] . Based on phylogenetic analysis, a high degree of genetic homology was observed among most of the Chinese isolates.
Clinical signs of PRRSV infection developed in pigs challenged with the FZ06A and FZ16A strains. In the FZ16A-infected group, no mortality was observed, but the FZ06A-infected group exhibited high mortality. The absence of mortality detected during the challenge study indicated that the virulence of FZ16A was relatively weak. The low virulence might be related to the evolution of Chinese HP-PRRSV under selective pressure.
The Nsp2 gene exhibited the highest genetic diversity in the genome of PRRSV [10, 25] . Nsp2 is crucial for viral replication and modulation of host immunity due to its protease activity [5, 35] , The HP-PRRSV strains that emerged in 2006 had a unique 30 AA (1 AA + 29AA) deletion in the Nsp2 hyper-variable region. In recent years, a variety of atypical PRRSV strains with new AA deletions or insertions in Nsp2 have been reported [8] . The virulence of these strains differs from their typical PRRSV counterparts. A recent study reported that the 30 AA deletion in the Nsp2-coding region could be considered as a putative marker for high virulence in a low virulence strain [21] . In this study, we detected a discontinuous 30 AA deletion of 1 AA + 29AA in the Nsp2 region of both FZ06A and FZ16A strains at positions 481 and 533 to 561, which is similar to that of Chinese HP-PRRSV isolates such as JXA1, HUN4, and BJ-4. We also observed AA mutations in other positions including 307 (A→ V), 361 (G→E), 373 (E→G), 482 (A→V), 486 (L→P), 514 (V→ M), 677 (D→N), 712 (K→E), and 771 (I→T) in Nsp2 of FZ16A when compared to HP-PRRSV in China; however, there were no obvious mutations in the Nsp2 of FZ06A when compared to HP-PRRSVs in China. The phylogenetic tree analysis showed that the FZ16A strain had similarity to the Chinese JX143 strain, whereas there were no similar AA mutations in Nsp2 in the FZ16A and JX143 strains. Likewise, these two (JX143 and FZ16A) strains have different levels of virulence. However, further study is essential to determine whether these mutations caused the virulence difference. In a previous study, it was reported that the 30 AA deletion was not associated with the virulence of emerging HP-PRRSVs [39] , whereas in our research, both of these two isolate strains had the 30 AA deletion. There were various kinds of mutations in the Nsp2 of FZ16A compared to those in the Nsp2 of FZ06A, and there were obvious differences in experimental inoculation results from the two strains. Thus, we suggest that these mutations may have an influence on the virulence of the FZ16A isolate.
GP5 is a glycosylated viral transmembrane protein, which is responsible for virus attachment to the host cell and contains important immunological domains associated with virus neutralization [20] . It has been reported that GP5 is the least conserved ORF of PRRSV, and AA sequence variations in GP5 are mainly observed in the extra virion domain of the protein, which has been shown to be responsible for cell attachment. N-glycosylation of GP5 might be critical for proper functioning of the protein. Potential involvement of NGSs in GP5 has been observed in viral immune evasion and virus-neutralizing antibody responses [3, 39] . Glycosylate H38 (L/F) 39 residues in this domain are considered to be critical to the immunogenicity of this epitope [27] . Both major and minor viral envelope glycoproteins can help PRRSV to escape, block, or minimize the viral neutralizing antibody response [34] .
Glycoprotein 5 is essential for virus infectivity due to its significant genetically variable effect on structural proteins of PRRSV. Residues 13 and 151 in the GP5 proteins of PRRSVs have been shown to be associated with virulence [1] . Compared to the first Chinese strain, CH-1a, the other PRRSV strains exhibit variation in their potential glycosylation level or sites. Based on our results, residues 13 and 151 in the GP5 proteins of PRRSVs are associated with virulence. With the changing and increasing number of NGSs, a low value of antigenicity was obtained. In our study, potential NGSs were also observed in the GP5 of FZ06A and FZ16A strains at AA positions 30, 34, 35, 44, and 51. Interestingly, the FZ06A shared six common NGSs with other HP-PRRSVs in China (Table 4) ) that, thus far, has not been observed in any other PRRSV strains. Whether this mutation is associated with virulence remains to be determined.
To confirm the pathogenicity of the FZ06A and FZ16A strains, SPF pigs were inoculated with 10 5 TCID 50 of FZ06A or FZ16A. At 3 to 11 dpi, all inoculated animals presented clinical signs of PRRSV infection. In the FZ16A-infected group, there was no mortality, while in FZ06A-infected group four of five inoculated pigs died between 7 and 21 dpi. Development of specific antibodies in inoculated pigs was detected at 7 dpi by ELISA, and PCR analysis showed PRRSV-positive tissue samples including the lung, spleen, kidney, liver, and lymph nodes. Pigs in the control group remained seronegative throughout the experiment. Histological examination revealed that the lungs from the FZ16A-infected animals developed interstitial pneumonia with slighter alveolar septal thickening, alveoli disappearance, and atrophy than the FZ06A-infected animals. It has been reported that the age of piglets might be associated with their resistance against PRRSV infection [19] . The FZ06A and FZ16A strains produced different mortality; thus, we conclude that after ten years evolution of Chinese HP-PRRSV under selective pressure, the FZ16A strain has adapted to the environment to a greater extent than FZ06A.
In summary, the two PRRSV isolate strains (FZ06A and FZ16A) isolated in 2006 and 2016, respectively, showed similar genomic characteristics with HP-PRRSV in China but different mortality effects; the virulence difference indicating that HP-PRRSV strains prevailing in China may have gradually adapted during repeated passages in animals. Furthermore, the types of mutation in Nsp2 and the unique mutation in GP5 are crucial to the virulence of HP-PRRSVs. The high degree of genetic and antigenic diversity among field isolates underline the complexity to be overcome when attempting to control and eradicate PRRS in China. This study provides useful information on the evolutionary characteristics of Chinese PRRSVs; such information could be utilized as reference material in the development of future live attenuated vaccines against this economically devastating disease.
